Diagnostic convenience and sensitive discrimination in detecting the presence of metastable atoms, having density N m , motivated the development of a technique for turning an emission-line ratio measurement into a unique value of metastable-atom density [1] for weakly ionized (electron/neutral-atom ratio N e /N ~ 10 −6 ) plasma. Properly interpreting emission-line ratio measurements to get metastable-atom density requires stage-to-stage knowledge of the excitation-rate dependence on the electron energy probability function (EEPF) from a collisional-radiative model [2] as well as knowledge of the stepwise excitation from metastable atoms [3, 4] . Based on direct and stepwise atomic excitation, Adams et al [5] predict electron-atom collision-induced excitation rates to the 3p 9 and 3p 5 states (in Paschen's notation), which lead to 420.1 nm and 419.8 nm emission, respectively, as a function of reduced electric field E/N for a specific value of electron density N e and metastable density N m . This optical method has been shown [6] to be useful for obtaining Ar metastable densities with satisfactory accuracy and precision at different plasma pressures and with H 2 gas additions, in agreement with rigorous quantitative diagnostics seen in literature.
Introduction
Diagnostic convenience and sensitive discrimination in detecting the presence of metastable atoms, having density N m , motivated the development of a technique for turning an emission-line ratio measurement into a unique value of metastable-atom density [1] for weakly ionized (electron/neutral-atom ratio N e /N ~ 10 −6 ) plasma. Properly interpreting emission-line ratio measurements to get metastable-atom density requires stage-to-stage knowledge of the excitation-rate dependence on the electron energy probability function (EEPF) from a collisional-radiative model [2] as well as knowledge of the stepwise excitation from metastable atoms [3, 4] . Based on direct and stepwise atomic excitation, Adams et al [5] predict electron-atom collision-induced excitation rates to the 3p 9 and 3p 5 states (in Paschen's notation), which lead to 420.1 nm and 419.8 nm emission, respectively, as a function of reduced electric field E/N for a specific value of electron density N e and metastable density N m . This optical method has been shown [6] to be useful for obtaining Ar metastable densities with satisfactory accuracy and precision at different plasma pressures and with H 2 gas additions, in agreement with rigorous quantitative diagnostics seen in literature.
Franek et al [7] compare emission-line-ratio predicted metastable-atom density from the numerical model of Adams et al [5] with metastable-atom density measurements. In the experiment, the plasma-discharge current and the electron density are combined to obtain electron drift speed which, in turn, is translated into values of reduced electric field using the relationship reported by Pack et al [8] . By applying the results of the numerical model [5] to 100 Pa plasma, the WVU-SNL collaboration showed how metastable-atom density correlates with reduced electric field and emission-line ratio in the late stage of a 1 Torr pulsed argon discharge [7] . The relationship can be used to predict the metastable-atom density from the emission-line ratio during the earlier two stages (Initiation and Transient) of a pulsed discharge, reducing the need for determining metastable-atom density with a diode laser. We found that inferring metastable-atom density from emission-line ratio measurements using predicted excitation rates for a given value of reduced electric field works even in plasmas having ordersof-magnitude different pressures for the same range because, here, the excitation rate is independent of pressure.
In this paper, we consider the dynamics of the atomic excitation and ionization that take place as the neutral gas state changes into the weakly-ionized state in the pulsed positivecolumn discharge. We present quantities of interest in all stages of a pulsed argon discharge, emphasizing the correlations, and compare to models. Correlations using the numerical modeling [5] leading to a metastable-atom diag nostic as presented in [7] in the Post-Transient stage of the discharge are outlined in section 3. We expand this model into the Initiation and Transient phases of the discharge in section 4 to further correlate the dynamics of atomic processes to observable plasma parameters in the pulsed positive column.
Attributes of the 100 Pa argon pulsed positive column in a hollow-cathode discharge
While a detailed description of the experimental apparatus is given in [7] , salient details of the experiment are outlined here. Spectrally pure argon enters the cylindrical chamber (Pyrex tube) through a mass flow controller at 30.0 sccm. Chamber pressure is controlled by a butterfly valve. A 40 µs duration, 2.0 kV height square-wave voltage pulse is utilized here to produce the positive column studied in this work. The positive column is pulsed at a repetition rate of 500 Hz, in order for the metastable-atom state to depopulate before the next voltage pulse.
The diagnostics employed in this work are sampled synchronously along on the cylindrical axis of the 30 cm long Pyrex tube with a 2 cm inner diameter. Optical emission spectroscopy (OES) and tunable diode laser absorption spectroscopy (TDLAS) measurements are line-integrated across the plasma diameter. Plasma emissions are collected by a 6.8 mm core fiber bundle that terminates at the 200 µm entrance slit of a 0.5 m spectrometer, which is equipped with a 2400 groove mm −1 grating and 1024 × 1024 pixel ICCD camera. Laser light (centered around 801.5 nm) from a tunable diode laser is absorbed by metastable-atoms in the 1s 5 state to populate the 2p 8 state. The laser light is tuned (~0.1 Å) to find the wavelength of maximum absorption; this absorbed signal is proportional to the density of the metastable-atoms in the 1s 5 state. Metastable-atom density is calculated by assuming the plasma uniformly fills the discharge tube. An aluminum microwave resonant cavity is utilized here to determine electron density. A microwave signal is applied to an axial 18 AWG copper antenna to excite the TM 010 mode in the resonant cavity. The microwave signal is then swept to determine the cavity resonant frequency without plasma. Electron density (electron collision frequency) is proportional to the shift in resonant frequency (decrease in signal amplitude) due to plasma electrons. The electron collision frequency is proportional to the width of the resonance peak as discussed in [9] .
Correlation between metastable-atom density and emission-line ratio is demonstrated
A brief overview of previous work is offered here to introduce the reader to the topic and make the conclusions in this work more meaningful. We utilize the argon 420.1 nm and 419.8 nm emissions, which are produced by the 3p 9 -1s 5 and 3p 5 -1s 4 Figure 1 . Measured metastable atom density versus modelpredicted metastable atom density for all stages of the pulsed positive column. Predictions are made using the calculated reaction rates of [5] assuming metastable-atoms have no effect on the EEPF. Green diamonds, blue circles, and red triangles represent the Initiation, Transient, and Post-Transient stages respectively. The comparison between densities in the Post-Transient stage show a nearly one-to-one relation between experiment and theory. Both axes are 10 6 times actual values. transitions (in Paschen's notation) respectively. These transitions have weak optical oscillator strength, which lead to insignificant reabsorption of the emission lines [10] and which ultimately reduces the necessary algebraic overhead required to achieve credible results. This is evident in figure 1 where the emission-line-ratio inferred metastable-atom density is compared to measurements via TDLAS. Excellent agreement between the model-predicted and observed metastable-atom density is shown for the latter stage of the discharge (red triangles) and is emphasized by the trendline. While a comprehensive discussion of the assumptions made in the model may be found in [7] , only the key findings are reproduced here. The metastable-atom density in the latter-half of the discharge, the Post-Transient stage, is given by
where n m and n o are the argon metastable-atom and argon ground state densities, R is the observed emission ratio, k o 419
is the direct excitation rate into the 3p 5 state that leads to 419.8 nm emission, and k 420 m is the stepwise excitation rate into the 3p 9 state that leads to 420.1 nm emission.
Deviations between the model-predicted metastable-atom density and observed metastable-atom density are explained through proper analysis of the assumptions in the modeling. Adams et al [5] predicts electron-atom collision-induced excitation rates as a function of reduced electric field, E/N, for a specific value of electron density, N e , and metastable-atom density, N m . The predictions of metastable-atom density in figure 1 assume a Druyvesteyn EEPF with nor malized electron density N e /N o = 5 * 10 −6 . Effects of collisions between electrons and metastable-atoms are not included in determining this EEPF to best match the depleted metastable-atom conditions in the latter half of the discharge. The modelpredicted metastable-atom density agrees with the measured metastable-atom density within 20% in this stage of the discharge. The trendline for the red triangles shows the one-toone relationship (slope = 1, R 2 = 0.9) between the predicted and observed quantities, demonstrating qualitative agreement. The y-intercept indicates that, on average, the model underpredicts the experimentally determined nor malized metastable-atom density by ~10 −7 in the latter half of the 40 µs pulse width.
As one should expect from the presence of metastableatoms and their consequential effect on EEPF shape [11] , the model grossly under-predicts the metastable-atom density in the earlier stages of the discharge. The abundance of metastable-atoms is expected to produce high energy electrons [11] which favor direct excitation, i.e. increasing the direct excitation rate k o 419 leads to an increased metastable-atom density according to equation (1) . A larger percentage of electrons with energies higher than those predicted by considering electron-electron or electron-metastable collisions, i.e. suprathermal electrons, in the earlier times of the pulse may lead to larger departures from the model in this stage. With this in mind, examination of the 420.1/419.8 nm emission-line ratio suggests the discharge may be examined in three distinctly different stages.
These different stages of the voltage pulse are evaluated separately, as indicated by background shading in figure 2 , and called the Initiation, Transient, and Post-Transient stages of the discharge. Each is distinguished by the magnitude (small or large) and slope (zero or non-zero) of the observed emission ratio. The three stages of the discharge can also be characterized by the other plasma parameters of interest; their coarse descriptors are given in table 1. These descriptors may be used to categorize quantitative correlations between parameters.
We emphasize here the dynamics of the atomic excitation and ionization that take place as the neutral gas state changes into the weakly-ionized state in the pulsed positive-column discharge in response to the high-voltage pulse and the accompanying current waveform ( figure 3(a) ). We process this current waveform and the electron-density waveform by converting them into an electron-drift-velocity waveform which is translated into the reduced-electric-field waveform, i.e. E/N versus time, ( figure 3(b) ). Next, this E/N waveform is converted into an excitation rate waveform ( figure 3(c) ) using the numerical model [5] . The four waveforms of reduced electric field, electron density, metastable-atom density, and 420.1 nm/419.8 nm emission-line ratio are correlated using the numerical model [5] [6] [7] . The four orders of magnitude variation in the dynamic range of the electron-atom collisioninduced excitation rates and emission-line ratio are inferred from temporal measurements of the co-dependent plasma parameters: electron density, metastable-atom density, reduced electric field, and emission-line ratio. Figure 2 shows the co-dependent parameters as a function of time during the discharge pulse. Using these correlations, the direct excitation rate for 419.8 nm emission is determined via emissionline ratio measurement [7] .
Interpretations
The above experiment is performed over a range of pressures (100-500 Pa) to produce figure 4 which shows the relation between reduced electric field and emission-line ratio for all Table 1 . Coarse descriptors for emission-line ratio (R) electron density (N e ), metastable-atom density (N m ), reduced electric field (E/N), and direct excitation rate of the 3p 5 state are displayed here for the three stages of the discharge.
Stage
Ratio stages of the voltage pulse. The statistical uncertainty shown in figure 2 indicates the good precision associated with the correlations observed in this work. While the temporal dynamics presented in figure 2 vary significantly with changing pressure, the physics that produce these results are the same within analogous stages, and will be elucidated by considering the three stages of the discharge separately.
Initiation stage
The Initiation stage of the discharge is defined here as the time-window before the electrons and metastable-atoms in the plasma affect the observed emission-line ratio. The applied voltage produces a high reduced-electric-field which in turn ionizes the gas and creates the metastable atoms. This stage is characterized by a static (i.e. zero slope) emission-line ratio that is often less that unity, which suggests a non-negligible population of supra-thermal electrons [12] ; therefore, the resulting EEPF cannot be understood by the logic expressed in [5, 11] . The disagreement here shows the modeling of Adams et al [5] cannot be used when considering a non-thermal (non-Druyvesteyn) distribution of electrons.
Transient stage
The Transient stage of the discharge is defined here as the time-window during which the observed emission-line ratio increases due to the presence of electrons and metastableatoms. E/N decreases as the ionization fraction (i.e. conductivity) gets larger. While there is agreement between the model predictions and experimental results in the PostTransient stage, figure 1 suggests that the model is not valid in the Transient stage of the discharge. One could, however, include electron heating from metastable-atoms to expand the applicability of the model into the Transient stage [13] .
Post-Transient stage
The Post-Transient stage of the discharge is defined here as the time-window during which the observed emission-line ratio is static. Metastable-atom losses become significant, thus, the metastable-atom density returns to negligible levels while electron density continues to increase causing E/N to further decrease. This combination of plasma parameters leads to the agreement between modeling and experiment shown in figure 1.
Conclusion
We acquired validation data and found a correlation between metastable-atom density, reduced electric field, and emissionline ratio [7, 13] . We re-expanded the expression of the emission-line ratio as a function of the metastable-atom density and as a function of the direct and stepwise atomic excitation rates. The expression is utilized to infer the time dependence of the metastable-atom population from the time dependence of the reduced electric field. From these results, the emission-line ratio depend ence on metastable-atom density and on the stepwise excitation rate for 419.8 nm emission allow for a simplified determination of the direct excitation rate for 419.8 nm emission [7] . The time dependence of emission-line ratio is shown to follow predictably the time dependence of metastable-atom density. Observed emission-line ratio agrees, either quantitatively or qualitatively, with the predicted emission-line ratio throughout a pulsed discharge. Factors incorporated into the interpretation include the EEPF and the electron-atom collision-induced excitation rates. Once the reduced electric field is known, the emission-line ratio measurements yield metastable-atom density in plasmas that have similar reduced electric field, even over a range of pressures. The advantage of the emission-line ratio diagnostic is its passive implementation and its ability to faithfully replicate tunable-diode laser absorption spectr oscopy measurements for determining metastable-atom density. Besides offering this utilitarian convenience for diagnosing pulsed discharges at a significantly lower diagnostic cost, these results illustrate the multi-order-of-magnitude dynamic range of the excitation rate coefficients in play in a pulsed traveling ionization wave.
